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ABSTRACT
THE UNCONDITIONED NICTITATING MEMBRANE RESPONSE:
THE ROLE OF THE ABDUCENS NERVE AND NUCLEUS AND THE
ACCESSORY ABDUCENS NUCLEUS IN THE RABBIT
Neil E. Berthier
B.S..
,
Virginia Polytechnic Institute and State University
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by: Professor John W. Moore
The unconditioned nictitating membrane response (NMR)
of rabbit to stimulation of the paraorbital region of the
face was investigated using electrophysiological recording
from neurons of the abducens and trigeminal nerves, and
the abducens and accessory abducens nuclei. Rabbits were
anesthetized with chloralose and urethane, paralyzed with
gallamine, and artificially respired. Tungsten microele-
ctrodes were used for unit recordings, while hook electro-
des were used for whole nerve recordings. Electrical
stimulation of the area surrounding the ipsilateral eye
evoked a response in the abducens nerve of 5 ms latency.
The central delay of the reflex (1.8 ms) indicated that the
reflex is at most disynaptic. Units of the accessory
abducens, but not the abducens nucleus, responded
to moderately intense (5 mA, 2 ms duration) electrical
iv
eye shocks. The mambers of units activated by eye shock
in the abducens nerve and the accessory abducens nucleus
increased as a function of stimulus intensity and
duration. Increases in stimulus duration, but not
intensity, slightly increased the duration of the
efferent volley. Repetitive stimulation at interstimulus
intervals of . 3 to 1 s produced consistent habituation,
i.e., fewer activated units and reduced duration of the
response volley.
Auditory stimuli and tactile stimulation of the
paraorbital region are typically employed as conditioned
and unconditioned stimuli, respectively, in the unanesthe-
tized-unparalyzed rabbit NMR preparation. In the present
study, action potentials from the abducens nerve could
be evoked by tactile stimulation of the ipsilateral
paraorbital region and by an intense tone (85 dB SPL)
.
The principal sensory nucleus of the trigeminal nerve
and nucleus oralis of the spinal trigeminal nucleus seem
primarily responsible for processing the sensory informa-
tion that elicits the NMR. Knife cuts of the brainstem,
which isolated the caudal areas of the trigeminal complex
from the motor areas of the reflex, did not disrupt the
motor volley in the abducens nerve. In addition, the
A fibers of the trigeminal nerve seem to elicit the NMR
since the A fibers' threshold in the trigeminal nerve was
V
identical to the threshold for the motor volley.
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CHAPTER I
INTRODUCTION
While the neurophysiological underpinnings of "plas-
tic" behaviors in invertebrates are becoming increasingly-
clear (e.g., Alkon, 1979; Kandel, 1978), the neurophysio-
logical bases of mammalian learned behavior remains
obscure. Our ignorance in the case of mammalian behavior
seems to be due to the complexity of both the mammalian
nervous system and the conditioned behaviors. To circum-
vent the later problem, Thompson (1976) proposed the use
of the rabbit nictitating membrane response (NMR) as a
model system in studies of conditioning. The NMR is the
sweep of the "third eyelid" across the cornea in response
to orbital tactile stimulation. The NMR preparation has
several advantages: (1) the conditioned and unconditioned
responses are easily measured and are controlled by a
limited number of neurons, (2) the unconditioned stimulus,
electric shock or pressure, is easily controlled and
activates the trigeminal sensory system, (3) the para-
meters that control conditioning are well understood at
the behavioral level.
The purpose of the present study was to investigate
the neural basis of the unconditioned reflex arc of the
1
2rabbit NMR. This reflex is initiated when stimulation
of the orbital region activates trigeminal tactoreceptors
and/or nociceptors (Hiroaka & Shimamura, 1977) . Afferents
project to the trigeminal nuclear system, which is located
in the pons and medulla, activating secondary trigeminal
cells (Carpenter, 1973) . These secondary trigeminal
cells project to motoneurons located in the motor nuclei
of the abducens nerve which controls the NMR (Naker, Mc-
Crea, & Spencer, 1980) . The latency of the NMR to orbital
stimulation is 16 ms (Cegavske, Thompson, Patterson, &
Gormezano, 1975) . The review presented below will attempt
to specify the location of the cells involved in the reflex
and to suggest how sensory information is processed,
modulated, and transformed into the motor commands that
control the behavioral response.
The Trigeminal Sensory System
Anatomy
.
The trigeminal system, extending throughout
the brainstem from the level of the cervical spinal cord
to the midbrain, seems to be a rostral continuation of the
spinal dorsal horn grey. The trigeminal spinal nucleus
extends from C-^^ through the pons, and is divided into
three nuclei: nucleus caudalis, nucleus interpolaris
,
and nucleus oralis. The spinal trigeminal nucleus is
involved in the processing of tactile, thermal, pressure.
3and noxious facial stimuli. The trigeminal principal
sensory nucleus lies ventrolaterally , and the trigeminal
motor nucleus, medially in the pons. The mesencephalic
trigeminal nucleus (MesV) extends into the midbrain, and
contains proprioceptive afferents from the jaw, facial,
and extraocular muscles (Carpenter, 1973) .
Unlike the spinal cord, where the dorsal horn is
innervated segmentally via the dorsal root ganglia, all
trigeminal afferents travel through the trigeminal nerve
and ganglion. The afferents lie somatotopically in the
trigeminal ganglion, which lies in the medial cranial
fossa just central to the optic foramen (Alvarado-Mallart
,
Batini, Buisseret-Delmas , & Corvisieu, 1975; Batini,
Buisseret, & Buisseret-Delmas, 1975; Arvidson, 1977).
Peripherally, the trigeminal nerve splits into three
divisions: the ophthalmic (innervating the forehead,
upper eyelid, cornea, nose) , the maxillary (innervating
the upper lip, lateral nose, cheek, jaw, teeth) , and the
mandibular (innervating the lower jaw and muscles of
mastication). All primary afferents, with the exception
of the proprioceptors, have their somata in the trigeminal
ganglion. The somata of some proprioceptors lie in MesV.
Cytoarchitecturally , the spinal trigeminal complex
changes from a three layered structure, resembling
Rexed's lamina I - IV, in nucleus caudalis to a homogenous
4small cell structure in nucleus oralis. Olszewski (1950)
divided nucleus caudalis into three subnuclei. Subnucleus
marginalis, a superficial shell, is composed of small
multipolar cells 5 to 10 microns in diameter. Just
ventral is subnucleus gelatinosa, a nucleus that seems to
be the rostral continuation of the substantia gelatinosa
of the spinal cord. Subnucleus gelatinosa is composed
of small, spindle or oval shaped cells 7 to 20 microns
in diameter. The deepest subnucleus of nucleus caudalis
is subnucleus magnocellularis . Magnocellularis is composed
of medium to large (15 to 30 micron) multipolar cells.
Rostrally, bordering nucleus caudalis, is nucleus inter-
polaris. Interpolaris is composed of two intermingled
cell types: large (25 to 40 micron) oval cells, and small
to medium (12 to 30 micron) oval or triangular cells.
Anterior to nucleus interpolaris is nucleus oralis. Oralis
is composed of small (15 to 25 micron) densely packed,
triangular or spindle shaped cells. The principal sensory
nucleus, located rostral to nucleus oralis, is composed
of medium sized (10 to 30 micron) round or oval cells.
The dendrites of these cells may extend over half of the
nucleus
.
The trigeminal nuclear complex is supplied by the
trigeminal nerve, which enters the brain in the pons.
The primary axons enter the brainstem and project either
5to the principal sensory nucleus, or enter the spinal
tract of the trigeminal nerve to project to nucleus
oralis, nucleus interpolaris , or nucleus caudalis. Many
of the primary afferents bifurcate and project to both
the rostral and caudal areas of the trigeminal system.
Wall and Taub (1962) demonstrated, in the cat, that the
trigeminal nerve has at least five fiber types, Aa, Ag,
Ay, A 6, and B, and that all five types innervate the
principal sensory nucleus. In addition. Wall and Taub
found that only the fastest fiber types innervate nucleus
caudalis. Windle (1926) , and Young and Stevens (1975)
demonstrated that small, unmyelinated C fibers project
through the trigeminal nerve of the cat and human.
They observed 3 to 20% unmyelinated fibers, a proportion
that is comparable to the proportion of small, unmyelinated
C fibers of the spinal cord.
The efferent projections of the spinal trigeminal
nuclei are of two types: a predominantly contralateral
projection to rostral brainstem nuclei, and an ipsilateral
intranuclear projection. In the cat, rabbit, rat, and
monkey, the rostral contralateral system projects from
all trigeminal nuclei (with the exception of subnucleus
gelatinosa of nucleus caudalis) to the ventroposterior
and intralaminar nuclei of the thalamus, the superior
colliculus, red nucleus, substantia nigra, zona incerta.
6fields of Forel, supramainmary nucleus, dorsal hypothalamus,
and the arcuate nucleus (Carpenter & Hanna, 1961;
Karamandilis, Michaloudi, Magana, & Saigal, 19 78;
Stewart & King, 1963; Stewart, Stoop, Pillone, & King,
1964). Stewart, Stoop, Pillone, and King (1964), using
electrophysiological methods in the cat, showed that
nucleus caudalis also projects to the medial geniculate
body, midbrain reticular formation, and nucleus centromed-
ian of the thalamus. The latency of the response in the
medial geniculate body, midbrain reticular formation, and
nucleus centromedian to peripheral trigeminal stimulation
was 3 to 12 ms.
Tivari and King (1974) , Stewart and King (1963)
,
and Carpenter and Hanna (1961) in the cat and monkey,
showed that the ipsilateral intranuclear system originates
in nucleus caudalis, primarily subnucleus magnocellularis
,
and projects to the rostral trigeminal nuclei, the area
bordering the rostral trigeminal nuclei, and the facial
nucleus. This projection uses the intrinsic longtitudinal
fiber plexus described by Gobel and Purvis (1972) . Hu
and Sessle (1979) showed that 45 out of the 80 cells re-
corded from in nucleus caudalis were retrogradely activated
by stimulation of nucleus oralis.
Physiology. The sensory receptors of the face seem to be
identical to the sensory receptors of the rest of the body
(Andres & Von During, 1973)
. Mechanoreceptors include
Ruffini, Meissner, and Pacinian corpuscles, Golgi tendon
organs, nociceptors are thought to be free nerve endings,
and cold receptors are probably enlarged terminals of non-
myelinated fibers. It is thought that the nociceptors
project centrally via Aa and C fibers (Willis & Coggeshall,
1978).
Corneal sensitivity was first studied by Tower (1939)
who recorded from the long ciliary nerves of the cat.
The long ciliary nerves innervate the cornea, and project
centrally via the trigeminal nerve. These nerves exit
the globe on the medial surface and contain several hundred
fibers, which may be either myelinated or unmyelinated
(Lele & Weddell, 1959) . Tower found that the receptive
fields of single units extend over a quadrant of the cornea,
with some spreading to the adjacent sclera and conjuctiva.
The units are most sensitive to tactile stimulation in the
center of their receptive fields, and are fast-adapting.
Moss and Kruger (1973) showed that these afferents respond
to mechanical, chemical, and thermal stimuli.
Whitear (1962) investigated the fine anatomy of the
corneal receptors using electron microscopy. Whitear
determined that the afferent fibers are . 5 to 1 micron
in diameter, enter the globe medially, and travel radially
through the sclera to the cornea, where they form a
8plexus of free nerve endings running through invaginations
in the corneal epithelial cells. It is not known if the
epithelial cells contribute to the transduction process.
The response of secondary trigeminal afferents in
the principal sensory nucleus and the spinal trigeminal
nuclei is found to be remarkably similiar. A complete
facial map is found at all levels, with the ophthalmic
division lying ventrally, the mandibular, dorsally, and
the maxillary, intermediately (Fig. 1, Gordon, Landgren,
& Seed, 1961; Kruger & Michel, 1962a; Torvik, 1956;
Wall & Taub, 1962) . Kruger and Michel (1962b) analyzed
the response of single cells in the trigeminal sensory
complex to various stimuli, including light touch, pressure,
pinprick, hot matches, and ice cubes, in decerebrate cats.
They found, out of 788 cells, that 437 responded to tactile,
112 to touch, 189 to light pressure, and 50 to noxious
stimuli. Approximately 75% of each type responded at lat-
encies of 1.2 to 4.2 ms to prolonged stimulation by a
short burst (fast-adapting type) . The remainder of the
cells (25%) responded at latencies of 2.2 to 12.5 ms
for the length of stimulus application (slowly-adapting
type) . Increases in stimulus intensity decreased response
latency and increased the number of spikes per response.
Mosso and Kruger (1973) reported that the secondary
afferents habituate rapidly to repeated noxious pinches.
9Fig. 1. Schematic representation of the somatotopic
organization of the somatosensory nuclei (spinal trigeminal
nucleus, nucleus cuneatus, and nucleus gracilis) of the cat
brainstem. The outline of the somatosensory nuclei
is shown above, while the representation of the body
surface is shown below. After Kruger, Simonoff , and
Witkovsky (1961)
.
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which is in contrast to the effect of repeated stimulation
of C fibers on secondary cells of the spinal cord which
is one of potentiation (Mendall & Wall, 1965) . Most
likely this discrepency is due to the different inter-
stimulus intervals used. Mendall and Wall used a frequency
of 3/s, while Mosso and Kruger presented pinches at a
lower frequency.
Three differences become clear, however, when the
secondary afferent responses in nucleus caudalis and the
rostral trigeminal nuclei are compared. (1) The
receptive fields of nucleus caudalis cells are larger than
cells of the other trigeminal nuclei (Wall & Taub, 1962).
(2) Secondary afferents in nucleus caudalis respond
similiarly to both threshold and suprathreshold stimulation
of their receptive fields, while secondary afferents of the
principal sensory nucleus, nucleus oralis, and nucleus
caudalis responded linearly to changes in stimulus intensity
(Darian-Smith, Rowe, & Sessle, 1968) . (3) Neurons
responding to noxious stimulation in nucleus caudalis
lie only in area marginalis while in the rostral trigeminal
nuclei nociceptive units lie unsegregated
.
The modification of primary sensory information
in the trigeminal nuclei, by neurons intrinsic and extrinsic
to the trigeminal system, is primarily accomplished
through primary afferent depolarization (PAD) . Wall
(1958) investigated the phenomenon of PAD in the spinal
12
cord of the cat. He did this, indirectly, by extracell-
ular stimulation of the primary afferent terminals in
the spinal grey matter and by recording the retrograde
compound action potential in the sensory nerve. The
retrograde compound action potential, recorded peripherally
after such stimulation, is an indirect measure of the
relative depolarization of the primary terminal. The
more depolarized the primary afferent, the greater the
number of units that will be excited to threshold, and
the greater the size of the compound action potential.
Wall showed that the primary afferent terminals are
depolarized for about 100 ms after an orthodromic volley
carried by the dorsal root. While the source of PAD
is not clear, one possibility is that the primary sensory
cells excite interneurons which feed back on the primary
terminals causing PAD. PAD results in presynaptic inhibi-
tion by decreasing the amount of transmitter released
from the primary terminals.
Yu and Avery (1977), and Nakamura, Murakami, Kikuchi,
Kubo, and Ishimini (1977a, b) demonstrated PAD directly by
using intracellular recordings from primary terminals in
trigeminal nucleus caudalis of the cat. Yu and Avery
recorded from primary teirminals with membrane potentials
of -10 to -60 mV. These terminals responded orthodromically
to peripheral trigeminal stimulation with a spike followed
13
by depolarization lasting 100 ms. Bicuculline, a GABA
antagonist, blocked the depolarization, but not the primary
orthodromic spike, suggesting that PAD has a synaptic
basis. Nakamura et al. (19 77a, b) generated PAD in
primary terminals by electrical stimulation of the trigem-
inal nerve that was not of sufficient intensity to gener-
ate action potentials in the teinninal being recorded from.
This result suggests that neighboring terminals that were
activated by the nerve shock activated interneurons which
caused PAD in nearby cells. The PAD could follow electri-
cal stimulation of the trigeminal nerve up to 30/s.
Anatomical and physiological evidence suggests that
neurons in nucleus caudalis modulate the response
of secondary afferents in nucleus oralis. This modulation
is both excitatory and inhibitory as trigeminal tractotomy
or cooling of nucleus caudalis attenuates PAD but,
paradoxically, decreases burst length in secondary affer-
ents in nucleus oralis to peripheral stimulation (Green-
wood & Sessle, 1976; Sessle & Greenwood, 1974; Young &
King, 1972) . Nucleus caudalis seems to cause PAD,
primary afferent hyperpolarization (PAH) , and postsynaptic
excitation of secondary afferents in nucleus oralis.
Stimulation of nucleus caudalis causes PAD, lasting 100
ms, followed by PAH, lasting an additional 200 ms , in
nucleus oralis (Young & King, 1972). Nucleus caudalis
14
cells also have a postsynaptic action on secondary affer-
ents as stimulation of nucleus caudalis results in a
spike burst in nucleus oralis neurons (3 to 5 ms latency;
Kayyat, Yu, & King, 1975).
The area in nucleus caudalis responsible for PAD in
the rostral trigeminal nuclei seems to be subnucleus
magnocellularis
. Neurons of magnocellularis are unique
in that, of the caudalis subnuclei they alone contribute
to the intranuclear projection to nucleus oralis (Carpen-
ter & Hanna, 1961) . Nakamura et al. (1977b) investigated
the response latencies to peripheral trigeminal stimula-
tion in the subnuclei of nucleus caudalis. The neurons
of subnucleus gelatinosa and subnucleus magnocellularis
,
but not subnucleus marginalis or the nearby reticular
formation, responded at short latencies to electrical
stimulation of the frontal, lingual, and infraorbital
branches of the trigeminal nerve. In subnucleus gelatin-
osa cells responded with a burst of 4 to 7 spikes at a
rate of 400 to 600 spikes/s. The cells were able to
follow stimulation up to 20/s. Magnocellularis units
responded with a burst of 2 to 15 spikes at a rate of
400 to 600 spikes/s. Units followed stimulation up to
50/s. Nakamura et al. (1977b) concluded that cells of
subnucleus magnocellularis mediated PAD as only cells
of magnocellularis could follow stimulation to the rates
15
that were seen for PAD (3 0/s)
.
Other areas can also modulate the responsiveness
of secondary afferents in the trigeminal nucleus since
stimulation of the contralateral cortical facial soma-
tosensory area, locus coeruleus, nucleus raphe magnus
,
dorsal raphe, midbrain periaqueductal grey, and vestibular
nuclei results in PAD in the trigeminal nuclei (Hammer,
Tarnicki, Vyklicky, & Wiessendager
,
1965; Hu & Sessle,
1979; Lindquist & Martensson, 1970; Sosa, Igarski,
& Tahoari, 1975, 1977; Stewart, Schibetta, & King,
1967) .
Pharmacologically, transmission in the trigeminal
nucleus appears to be mediated by at least two neurotrans-
mitters. There is compelling evidence that substance P
(SP) is the transmitter released by the primary afferents,
and that enkephalin (ENK) is the neurotransmitter mediat-
ing PAD. There is some data suggesting that GABA might
also be involved in PAD ( e.g., Yu & Avery, 1977; see
also Marx, 1979; McGeer, Eccles, & McGeer, 1978) . SP
is present in primary trigeminal afferents (Cuello, 1978;
Cuello, Fiacco, & Paxinos, 1978) , is released by dorsal
root afferents (Barker, Neale, Smith, & MacDonald, 1978)
,
and has an excitatory effect on secondary afferents in the
trigeminal complex (Anderson, Lund, & Puil, 1978; Henry,
Sessle, Lucier, & Hu, 1980) , ENK and other opiate agonists
16
decrease the release of SP in trigeminal explants (Jessell
& Iverson, 1977) , and decreases the firing rate of second-
ary afferents in vivo (Anderson, Lund, & Puil, 1978;
Henry, Sessle, Lucier, & Hu, 1980). ENK depression
of SP release is the result of decreased ntimber of
transmitter quanta per action potential (MacDonald &
Nelson, 1978)
.
The Motor System Controlling the NMR
While the primary concern of this review is the
control of the rabbit NMR, paraorbital tactile stimulation
elicits three motor responses: eye blink, globe retrac-
tion, and nictitating membrane sweep. The interplay of
these three responses is not entirely understood, but it
is clear that they are not independant of each other.
For example, Berthier and Moore (1980) showed that
nictitating membrane sweep can be effected by eye blink
or globe retraction. In order to elucidate the neural
basis of the NMR all three responses are discussed below.
Eye Blink. Eye blink in mammals is the result of contrac-
tion of a sphincter like striated muscle, the obicularis
oculi, which is internal to the eyelids and is tied to the
skull temporally and nasally with tendons. The obicularis
oculi is innervated by the seventh cranial nerve (facial)
which emerges from the brainstem at the pons, and travels
17
through the middle ear, exiting the cranium via the stylo-
mastoid foramen near the zygoma. The facial nerve divides
into five branches at its cranial exit (May, 1973) : ramus
auricularis (to the ear) , ramus zygoma (to the forehead)
,
ramus bucco labialis superior (to the upper midface)
,
ramus bucco labialis inferior (to the lower midface) , and
ramus oculi (to the orbit) . Martin, Caddy, and Bischoe
(1977) showed that the facial nerve contains both myelin-
ated and unmyelinated fibers.
The somata of facial neurons lie somatotopically in
the facial nucleus (Courville, 1966; Martin & Mason,
1977; Radpour, 1977; Radpour & Gacek, 1980; Szentagothai
,
1948) . The results of previous investigations are shown
in Fig. 2, and as can be seen each ramus is seperately
represented with the motoneurons supplying the obicularis
oculi muscle located dorsally.
Lindquist and Martensson (1969) investigated the con-
trol of the cat obicularis oculi. The latency of the
EMG response in the obicularis oculi to electrical stimul-
ation of the facial nerve at its exit from the pons was
4.3 ms. Obicularis oculi proprioception is not mediated
by intrinsic muscle receptors, since simple muscle stretch
did not elicit a response in facial motoneurons. The tri-
geminal does, however, provide some muscle sense information
to the motoneurons since facial motoneurons respond, at
18
Fig. 2. The cellular groups of the cat facial nucleus
as seen in the transverse plane. The labels on the figure
indicate the cell group and the ramus of the facial nerve
that that the cell group projects through. After
Courville (.1966) .
19
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latencies of 5 to 8 ms to whisker manipulation, light
skin touch, or muscle twitch, responses that were not
abolished by facial nervecuts (Lindquist & Martensson,
1969; Tanaka, 1977)
.
Globe retraction. Globe retraction is the results of
contraction of the retractor bulbi muscle. The retractor
bulbi is present in all mammals, save primates and man,
and originates on the medial wall of the orbit and inserts
into the medial surface of the globe. The retractor bulbi
muscle is cone shaped, and functions both to prevent
exophthalmus and to protectively retract the globe into
the socket. It is innervated by the abducens nerve which
passes temporally to the retractor bulbi and nasally to
the lateral rectus muscle. Five mm from the origin of
these muscles, the abducens nerve bifurcates, with one
branch innervating the lateral rectus and the other inner-
vating the retractor bulbi. Each branch of the abducens
nerve is less than 5 mm in length. The possibility
that the rabbit retractor bulbi muscle is also innervated
by the oculomotor nerve is discussed below.
The muscle fibers of the retractor bulbi are mainly
of one type and are unlike normal skeletal or extraocular
muscle (Bach-y-Rita & Ito, 1965; Bach-y-Rita, Levy, &
Steinacker, 1967) . The fibers have large diameters
21
and are innervated by a -type motoneurons. Each fiber
is innervated by a single motoneuron which forms a
single endplate on the fiber. The retractor bulbi
muscle fibers propagate action potentials. Pachter,
Davidowitz, and Breining (1967), however, have observed
three types of fibers in the rat and mouse retractor
bulbi muscle. Two of the types are large (15 to 40
microns in diameter)
,
singly-innervated fibers with
plentiful sarcoplasmic reticulum. These two types can be
differentiated on the basis of mitochondrial content. A
third type of fiber is small (5 microns) , with few mito-
chondria, and sparse sarcoplasmic reticulum.
In the cat, Steinacker and Bach-y-Rita (1968) showed
that the retractor bulbi muscle fibers have slow contrac-
tion times relative to the other extraocular muscles,
with rise-times of 9 to 18 ms, and half-decay times of
10 to 16 ms. Tension generated at twitch (.4 to 1.3g),
and at tetanus (1.3 to 18. 6g) is considerably less than
the inferior oblique muscle. The innervation ratio
(motoneurons to muscle fibers) is considerably higher
in the retractor bulbi (1 to 50) than in the lateral
rectus (1 to 6) , suggesting that the fine motor control
shown by the other extraocular muscles is absent in the
retractor bulbi. Lennerstrand (1974a) showed that the
motor units of the cat retractor bulbi fatigue rapidly.
22
At the present time there is considerable controversy
surrounding the location of the motoneurons innervating
the retractor bulbi muscle. Two early studies using
Wallerian degeneration methods concluded that the moto-
neurons supplying the retractor bulbi muscle lie in the
accessory abducens nucleus (Prezuiso, 1924; Van Gehuchten,
1903) , and some textbooks of comparative neuroanatomy
accept this early finding (Arians-Kappers
,
Huber, &
Crosby, 1967; Kuhlenbeck, 1975). Kuhlenbeck (1975)
argues particularly strongly for this idea, noting that
animals that do not have an accessory abducens nucleus
do not have a retractor bulbi muscle. The accessory
abducens nucleus is located in the ventrolateral reticular
formation dorsal to the superior olive. The accessory
abducens is not a division of the abducens nucleus, and
in the rabbit, is quite far from the abducens nucleus
(5 mm) . Another group of investigators contends that
the retractor bulbi motoneurons are located in the abducens
nucleus proper (Cegavske, Thompson, Patterson, & Gormezano,
1976). Cegavske et al. (1976) showed that stimulation of
the abducens nucleus or nerve causes eyeball retraction,
and that lesions of the abducens nerve disrupts defensive
eyeball retraction.
Recent evidence suggests that the distribution of
retractor bulbi motoneurons and the path of their axons
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is complex and may be different for different species.
One group of investigators (Grant, Gueritaud, Horcholle-
Bossavit, & Tyc-Dximont, 1979; Guegan, Gueritaud, &
Horcholle-Bossavit, 1978) contends that retractor bulbi
motoneurons in the cat are located solely in the accessory
abducens nucleus. These investigators found that injection
of any of the retractor bulbi muscle slips with horse-
radish peroxidase (HRP) resulted in labeled cells in
only the accessory abducens nucleus. Grant et al. (1979)
recorded an antidromic response in the abducens nucleus to
stimulation of the retractor bulbi nerve, but when these
units were intracellularly labeled it was discovered
that their somata lay in the accessory abducens nucleus.
On the other hand. Spencer (1978, Spencer, Baker, &
McCrea, 1980) in the cat, and Cegavske (personal communica-
tion)
, Mis (personal communication) , and Berthier and Moore
(in progress) in the rabbit, report labeled cells in the
abducens, accessory abducens, and in some cases the
oculomotor nuclei after HRP injections into the retractor
bulbi muscle.
The controversy over the location of retractor bulbi
motoneurons illustrates the principal limitation of the
HRP technique, namely, the possibility that diffusion
of HRP at the injection site to the lateral and medial
recti results in labeling of the abducens and oculomotor
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neurons. In fact. Grant et al. (1979) report HRP labeled
cells in the abducens nucleus following retractor bulbi
HRP injections, but argue that these labeled cells are
in fact laberal rectus motoneurons labeled by diffusion
of HRP to the lateral rectus muscle. Therefore, while
retractor bulbi motoneurons seem principally to lie in
the accessory abducens nucleus, the possibility that some
retractor bulbi motoneurons may also lay in the abducens
or oculomotor nuclei cannot be excluded on the basis of
anatomical data.
Physiological experiments confirm that abducens and
oculomotor neurons are nonartifactually labeled following
HRP injections into the retractor bulbi muscle. Dusser
de Barenne and de Kleyn (1928) in the rabbit, demonstrated
that caloric nystagmus is still present after transection
of the recti and oblique extraocular muscles, a result
that suggests that the slips of the retractor bulbi act
like the recti during nystagmus. Enucleation, followed
by attachment of the medial and lateral slips of the
retractor bulbi to strain gauges, showed that the medial
and lateral retractor slips do rythmically contract
to caloric stimulation. Oculomotor nerve cuts, at the
pons, abolished nystagmatic activity of the medial
but not the lateral retractor slips. In contrast, abducens
nerve cuts did not affect nystagmus but did abolish
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simultaneous contraction of the retractor slips to nocicep-
tive stimulation. Electrical stimulation of the oculomotor
nerve elicited contraction of both the medial and lateral
retractor slips while stimulation of the abducens nerve
elicited a significantly stronger contraction of the
lateral than the medial retractor slips. Dusser de
Barenne and de Kleyn concluded that the retractor bulbi
is innervated by both the oculomotor and abducens nerves,
and that the abducens nerve controls defensive retraction
of the bulbus, while the oculomotor and abducens nerves
control the retractor bulbi during nystagmus.
The hypothesis that the retractor bulbi muscle is
innervated by two populations of motoneurons, one active
in defensive retraction and the other active during
nystagmus or patterned eye movement, is supported by
recent anatomical and physiological investigations.
Spencer, Baker, and McCrea (1980) showed that neurons of
the accessory abducens nucleus are large (somatal diameter
30 to 72 microns), have large dendritic trees, and have
2
low synaptic densities (.88 to 1.83 synapses/100 microns )
relative to oculomotor or abducens motoneurons labeled
by HRP injections of the retractor bulbi. The dendritic
arbors of accessory abducens motoneurons extend only
slightly in the rostrocaudal field and are characterized
by extensions of the dorsoventral and mediolateral axes.
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One dendritic branch is typically oriented towards pars
oralis of the spinal trigeminal nucleus. Baker, McCrea,
and Spencer (1980) showed that the retrograde action poten-
tial had a latency of .3 to 1 ms, that the action potential
overshot equality, showed large after depolarizations, and
had shallow, but long (35 to 40 ms) , after hyperpolariza-
tions. Cells of the accessory, but not of the principal
abducens or oculomotor nuclei, showed large amplitude,
short latency EPSPs to ipsilateral corneal electrical
stimulation (2 to 2.8 ms latency). Cells of the oculomotor
and abducens nuclei did show small EPSPs to trigeminal stim-
ulation (3 to 5.1 ms latency). Therefore, the data from
the cat suggests that retractor bulbi motoneurons lie in
the oculomotor, abducens, and accessory abducens nuclei,
and that the physiological and anatomical characteristics
of accessory abducens retractor bulbi motoneurons differs
from retractor bulbi motoneurons of the oculomotor and
abducens nuclei. The results suggest that retractor bulbi
motoneurons of the accessory abducens nucleus function in
defensive endopthalmus , and that the retractor bulbi
motoneurons of the oculomotor and abducens nuclei primarily
function during patterned eye movements and nystagmus.
Nictitating membrane sweep. While the NMR in reptiles,
birds, and some amphibians is controlled by a muscle (bur-
salis) that attaches directly to the nictitating membrane.
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the NMR in those mammals that have nictitating membranes
(non-primates) , seems to be the passive result of globe
retraction. Motais (1885, cited by Bach-y-Rita, 1971)
suggested that the NMR is the result of the retracting
globe forcing orbital fatty tissue and the Hardarian gland
against the medial edge of the nictitating membrane there-
by pushing the nictitating membrane across the cornea.
The NMR protects and lubricates the corneal surface.
Cegavske, Thompson, Patterson, and Gormezano (1976)
,
studied the control of the nictitating membrane in the
rabbit, and reported that stimulation of the abducens nerve
elicits a NMR (16 ms latency) , that stimulation of the
oculomotor nerve elicits nictitating membrane retraction
(10 ms latency) , and that stimulation of the facial and
trochlear nerves has no effect on nictitating membrane pos-
ition. Multiple-unit activity of the abducens nucleus
paralleled the NMR. Cegavske et al. (1976) concluded that
the abducens nerve controls the NMR, and that the oculomotor
nerve controls nictitating membrane retraction.
There also seems to be a second mechanism for genera-
tion of the NMR. Powell, Berthier, and Moore (1979) show-
ed that lesions of the abducens nerve or nucleus fail to
abolish the NMR, thereby demonstrating that the retractor
bulbi muscle is not necessary for elicitation of the NMR.
One explanation of this result is that co-contraction of
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the other extraocular muscles (the lateral, medial,
superior, and inferior recti; the superior and inferior
obliques) pulls the globe into the socker causing a NMR.
This possibility has received some support since Bach-y-
Rita, Collins, and Tengroth (1969) demonstrated that suc-
cinylcholine induces an endopthalmus of 2 mm in the cat.
Since succinylcholine infusion causes contraction of the
recti and oblique but not the retractor bulbi (due to the
presence of multipley innervated muscle fibers in the for-
mer) , this result suggests that co-contraction of the six
extraocular muscles can elicit globe retraction and a NMR.
The possibility that all the extraocular muscles
normally participate in defensive globe retraction and the
NMR is supported by three investigations. (1) Lorente de
No (1932) elicited contraction of the recti and oblique as
well as the retractor bulbi muscles using electrical stim-
ulation of the trigeminal nerve in the orbit. (2) In the
cat, Baldissera and Broggi (1968) showed that both the lat-
eral rectus and the retractor bulbi muscles contract to
electrical stimualtion of the trigeminal nerve. (3)
Berthier and Moore (19 80) demonstrated that only when
abducens nerve cuts were combined with cuts of the oblique
and recti muscles was globe retraction abolished; cuts of
the abducens nerve alone reduced the amplitude of the NMR
by 50%. The actual contribultion of the extraocular mus-
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cles to globe retraction may normally be minor since the
amplitude of globe retraction was unchanged after cuts of
only oblique and recti muscles.
The defensive ocular reflexes. The defensive ocular
reflexes, eye blink, globe retraction, and NMR, are the
result of tactile stimulation of the cornea or orbit.
The latency of the motor responses are similiar: the
corneal-blink reflex in the cat has a latency of 10 ms to
EMG onset (Hiroaka & Shimamura, 1977) , the corneal-globe
retraction reflex in rabbit has a latency of 12 ms (Cegavske
et al., 1976) and the corneal-NMR reflex in the rabbit has
a latency of 16 ms (Cegavske et al., 1976). Since the lat-
ency of the evoked response in the motoneurons is only 2 to
4 ms (Baker et al., 1980), the majority of the response
time is utilized by the rise of muscle contraction and
mechanical viscosity of the muscle system.
Several experiments examined the response of the
motoneurons, nerves, and muscle to orbital tactile
stimulation. Baldissera and Broggi (1968) recorded the
response of abducens nerve, the lateral rectus muscle,
and the retractor bulbi muscle to electrical stimulation
of the trigeminal nerve in cat. They showed that the
contraction latency of the retractor bulbi and the lateral
rectus muscles was 10.5 ms and 15 ms respectively, while
the latency of the evoked response in the abducens nerve
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was 3 to 5 ms. The response threshold of the lateral
rectus muscle was five times that of the retractor bulbi,
a result that suggests that retractor bulbi contraction
is primarily responsible for globe retraction and that the
other extraocular muscles play only a secondary role.
Baker et al. (1980) showed that the response latency
of retractor bulbi motoneurons to ipsilateral corneal
stimulation is 2 to 2.8 ms in the cat. These motoneurons
showed large EPSPs, several millivolts in amplitude at
threshold, with action potentials being generated at four
times stimulus threshold. Baker et al. (1980) demonstrat-
ed that the amplitude of EPSPs is depressed with inter-
stimulus intervals shorter than 100 ms, a finding that
is likely due to PAD in the trigeminal nuclei.
The response of motoneurons mediating the blink
reflex is similiar to that of motoneurons mediating globe
retraction. Lindquist and Martensson (1970) showed that
the EMG response of the obicularis oculi consists of two
successive discharges at latencies of 10 to 20 ms. The
stimulus threshold for these two responses is identical.
Lindquist and Martensson suggested that the second response
is a reflexive contraction resulting from the activation
of trigeminal exteroceptors by the first contraction.
When the facial nerve was cut, trigeminal stimulation only
elicited one response in the proximal portion of the
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facial nerve. Electrical stimulation of the distal portion
of the facial nerve elicits obicularis oculi contraction
followed by a volley in the proximal part of the cut
facial nerve. Trigeminal nerve cut or pharmacologically
induced facial paralysis abolished the second volley in
the facial nerve.
In contrast to Lindquist and Martensson, Hiroaka
and Shimamura (1977) concluded that the long latency EMG
response is due to multisynaptic transmission via the
reticular formation as the long latency response is
abolished by Nembutal. The possibility that the long
latency response is due to "reaf ference" is also contra-
indicated by the results of Woody and Brozek (1969)
.
These investigators recorded field potentials in the
facial nucleus to glabella tap and demonstrated two
negativity peaks corresponding to the two contraction of
the obicularis oculi. The latency of the peaks was 2.25
and 6 ms, and the second peak was abolished by pentobarb-
ital. Since contraction of the obicularis oculi is not
measurable until 10 ms after the stimulus is applied
it is difficult to explain how this contraction can elicit
an evoked response of 6 ms latency in the facial nucleus.
Because of the short response latency in the moto-
neurons (2 to 5 ms) , Baker et al. (19 80) and Hiraoka and
Shimamura (1977) suggested that the responses are di-
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or trisynaptic. Consistent with this notion is the find-
ing that no more than the brainstem need be present for
elicitation of the reflex. Encephale isole cats (Hiroaka
& Shimamura, 1977; Norman, Buchwals, & Villablanca, 1977),
decorticate rabbits (Moore, Yeo, Oakley, & Russell, 1980),
hvunans with large lesions of the thalamus or midbrain
(Ongerboer de Visser & Morrei, 1979), and cats and rabbits
under KCl induced cortical spreading depression (Papsdorf,
Longman, & Gormezano, 1965; Woody & Brozek, 1969) all
show the corneal blink or nictitating membrane reflexes.
While the locations of the motoneurons of the reflex
arc are fairly well known, the locations of the secondary
sensory cells are not. It is clear that the secondary
cells are either in the principal sensory nucleus of the
trigeminal nerve or in the spinal trigeminal nuclei.
Because of the latency of the response, it is probable
that the sensory cells are of the fast responding, rapidly
adapting type. Baker et al, (1980) further argue, on the
basis of latency, that the secondary cells lie in the
rostral trigeminal nuclei, that is, either in the princi-
pal sensory nucleus or nucleus oralis.
Investigators have attempted to isolate the sensory
cells using lesions. Trigeminal tractotomy, at the level
of the obex, results in ipsilateral facial analgesia with
remaining tactile sensibility in humans (Carpenter, 1973)
,
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a result that is usually taken as evidence that nociception
is mediated by nucleus caudalis. This conclusion, however,
must be equivocally stated since nucleus caudalis may only
modulate sensory information being transmitted by the
rostral trigeminal nuclei. The corneal reflexes usually
persist after ipsilateral tractotomy in humans (Carpenter,
1973) or cats (Hiroaka & Shimamura, 1977) . However,
large lesions of the medulla abolish the corneal reflexes
ipsilateral to the lesion (Ongerboer de Visser and Moffei,
1979) . Therefore it is unclear whether the caudal areas
of the spinal trigeminal nucleus are necessary for the
corneal reflexes to be present.
CHAPTER II
EXPERIMENT
Introduction
The neural basis of the NMR is unclear at the present
time. The results of Berthier and Moore (1980) , Dusser
de Barenne and de Kleyn (1928) , and Baldissera and Broggi
(1968) suggest that the abducens nerve is the motor
nerve primarily responsible for the NMR. Since both the
abducens and accessory abducens nuclei contribute effer-
ents to the abducens nerve it is unclear which, if either,
primarily controls the defensive NMR. Anatomical data
(Ariens-Kappers et al., 1967; Grant et al.
,
1979;
Kuhlenbeck, 1975; Prezuiso, 1924; Spencer et al.,
1980; Van Gehuchten, 1903) , and physiological data
suggest that the accessory abducens nucleus controls
defensive globe retraction while the abducens nucleus
is involved with the control of gaze. Still other inves-
tigators believe that the NMR is controlled by the abducens
nucleus (Bach-y-Rita, 1971; Cegavske et al., 1976;
Cegavske, Patterson, & Thompson, 1979) . To resolve this
question this experiment attempts to record from single
units of the accessory and the principal abducens nuclei
and determine their thresholds to noxious orbital stimula-
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tion.
Another outstanding question is the manner in which
the sensory information that initiates the reflex is
conveyed. The sensory information from the orbit is
carried centrally via the ophthalmic and maxillary
divisions of the trigeminal nerve, but the central
projections of these afferent fibers are unknown. Onger-
boer de Visser and Moffei (1979) suggest that nucleus
caudalis is the primary area, while Carpenter (1973)
and Hiroaka and Shimamura (1977) maintain that rostral
trigeminal nuclei mediate the corneal blink reflex. The
present investigation assessed the effect of knife cuts
in the pons on the NMR and attempted to isolate the tri-
geminal areas mediating the reflex.
As the parametric features of the NMR are unknown,
this study also attempted to determine the latency and
pattern of the motor response, and determine the effects
of changes in duration and intensity of electric eye
shock on the NMR.
Method
Animals. Serving as animals for this experiment were
76 New Zealand albino rabbits, weighing 2 to 3.5 kg and
maintained ad libitum on food and water. Twenty of these
animals were judged unacceptable as preparations, because
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their pulses were irregular, slow, or absent after
surgery.
Surgery. Animals were anesthetized by intravenous injec-
tion of chloralose (Sigma, 60 mg/kg) and urethane
(Sigma, 600 mg/kg) , or with chloralose alone (100 mg/kg)
.
Either of these injection protocols provided anesthesia
for over six hours. All points of incision were injected
with a long-acting local anesthetic (Duranest (etidocaine)
.5 or 1%)
.
Animals were prepared by one of two surgical proced-
ures. One procedure involved a ventral approach to the
Vth and Vlth cranial nerves and to the accessory abducens
nucleus through the neck and lower jaw. Another procedure,
involved a dorsal approach to the abducens nucleus through
the occipital bone and cerebellum. Prior to either
procedure, a 22-gauge intravenous cannula was inserted
into the femoral vein and sutured to the skin to allow
administration of drugs during the experiment.
For the ventral approach, animals were placed in a
head holder that firmly fixed the skull while allowing
a clear approach to the neck and lower jaw (see Berthier
& Moore, 1980) . A midline incision was then made extend-
ing from the hyiod bone to the caudal neck (see Appendix
I) . The sternohyiod muscles were then cut along the mid-
line and retracted laterally to expose the trachea.
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larnyx, and pharnyx which also effectively retracted the
carotid artery and the internal jugular vein. An incision
was then made in the trachea 1 cm below the larnyx, and
a tube was inserted into the trachea and sutured into
place. The trachea was then completely transected and
slowly retracted rostrally while the esophagus and other
tissues were dissected away. At this time, the submaxillary
and paratoid glands were retracted. The muscles on the
base of the cranium were then carefully removed to expose
the basioccipital bone; great care was taken to preserve
the external carotid artery. A small hole (2 mm) was
then drilled through the basioccipital bone after which
the basioccipital bone was removed to expose the dura mater
overlying the ventral pons and medulla. The ventral
surface of the brainsterm was then exposed by extirpation
of the dura and arachnoid mater. The brain was kept moist
at all times by application of mineral oil or isotonic
saline. Bone wax was sometimes used to control bleeding
from the margins of the basioccipital bone.
Animals in which the brainstem was approached dorsal ly
were placed in a head holder, as in the previous procedure,
except that the holder was rotated so as to allow access
to the dorsal aspect of the skull. An incision 4 cm long,
extending from the external occipital protuberance to the
frontal bone, was then made on the midline scalp of the
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skull. The skin, fascia, and muscle were carefully
pulled away from the bone to expose the dorsal extent of
the occipital bone without cutting or tearing any
capallaries in the muscle. A small hole (2 mm) was drill-
ed into the occipital bone and the occipital bone was
removed and the dura mater extirpated, exposing the
cerebellar cortex. The midline cerebellum was then
aspirated to expose the floor of the fourth ventricle
from the obex to the cerebral aqueduct.
Electrical recording. Recording were obtained from high-
and low-impedance microelectrodes and from silver hook
electrodes. These hook electrodes were constructed by
inserting a silver wire into a pulled glass capillary
tube so that it extended beyond the tip. The silver wire
was then bent by forceps to form a hook. High-impedance
(4 to 6 HQ, about 20 microns exposed tip surface) epoxy-
lite coated tungsten microelectrodes were purchased from
Frederick Haer and Co. (#26-10-3) and used for single
unit recordings in the brainstem. Low-impedance (1 to
2 HQ, about 50 microns exposed tip surface) tungsten
microelectrodes were used for recordings from the trigemi-
nal and abducens nerves. These were high-impedance
microelectrodes that had been previously used for record-
ing that were microscopically inspected to ensure that the
tip was not deformed or coated with blood. Other low-
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impedance electrodes were made by passing a 40 V anodal
DC current through a high-impedance electrode whose tip
was immersed in saturated NaCl for 10 s. In some animals,
3 M NaCl filled glass microelectrodes (500 kO. to 5 MD,)
were used for recordings from the abducens nerve. The
glass microelectrodes were pulled on a Kopf vertical
electrode puller. A nickle coated alligator clip,
attached to the skin of the neck of the animal, served
as the reference electrode. In recordings made by hook
electrodes, an epoxylite insulated copper wire was
wrapped around the hook electrode, with its uninsulated
tip placed in the saline both which touched the animal,
served as the reference electrode.
Electrical activity was amplified by Grass P 15 AC
preamplifiers and displayed on a Tektronix 502A oscillo-
scope. In animal VI 32 multiple unit activity was counted
from photographic records of oscilloscope displays. A
photo-mask was made that covered baseline activity, and
positive or negative deflections that exceeded the level
of the mask were counted per 10 ms time bin.
Electrical stimulation was generated by Grass
S88 stimulators and isolated by Grass SIU 5 units.
Electrical stimuli were delivered across a Wagner
ground circuit (Becker, Peacock, Heath, & Mickel, 1961)
.
Direct current shocks to the orbital area were delivered
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across 9 mm wound clips implanted in the upper and lower
eyelids. The abducens nerve was antidromically activated
by a . 1 ms duration DC pulse delivered by a bipolar hook
electrode on which the nerve was placed. Other stimuli
included pinches of the eyelids with serrated forceps,
taps to the cornea with a blunt probe, or a 85 dB SPL,
1200 Hz tone.
Electrodes were placed under visual control into the
abducens and trigeminal nerves. Electrodes aimed at the
accessory abducens nucleus were inclined at a slight
angle and entered the brain 2.8 mm lateral to the midline
and 1 to 2 mm behind the trapazoid body. Electrodes
aimed at the abducens nucleus were normal to the surface
of the fourth ventricle and entered the brain 1.8 mm
lateral to the midline, at the edge of the medial vest-
ibular nucleus.
During recording, animals were paralyzed with galla-
mine triethiodide (Sigma, 2 to 5 mg/hr) . Some recording
locations were marked by passing a 100 uA current through
the recording electrode for 10 s. In order to delineate
the areas of the brain sufficient for manifestation of the
reflex, coronal knife cuts were made in the medulla,
caudal to the facial nucleus, with a scapel blade.
The locations of electrode tracks and knife cuts were
verified histologically. Immediately after completion of
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the recording session, animals were deeply anesthetized
with Nembutal (pentobarbital sodium) and perfused intra-
cardially with isotonic saline followed by 10% formalin.
In animals in which knife cuts were made, brainstems were
embedded in 25% gelatin. All brains were frozen with car-
bon dioxide and cut at 40 microns thickness on a sliding
microtome, mounted with gelatin solution, stained with ere
violet, differentiated, cleared, and coverslipped.
Results
Abducens nerve
.
In twelve animals, glass microelectrodes
were used to record the neural activity of the abducens
nerve. Single- and multiple-unit recordings were obtained
but appeared to be contaminated by high-frequency noise.
The source of the noise appeared to be movement of the
glass electrode tip in the nerve since the nerve itself
was not externally stabilized. All of the data from these
twelve animals were discarded.
In sixteen animals, recordings were obtained with
low-impedance tungsten, or silver hook electrodes that
were not contaminated with noise or artifact. Figure 3
shows the response of the abducens nerve to electrical
shocks of the eye in three different animals. Panel A
shows that the field potential in the abducens nerve
became negative 2 . 5 ms after stimulus onset, suggesting
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Fig. 3. Recordings from the abducens nerve using
hook electrodes (A & C) and a tungsten low-impedance
electrode (B) . Filled arrow indicates stimulus onset
for all traces except A2 where open arrow indicates stim-
ulus onset. A. Evoked potential recorded in animal
VI 33. Activity was window filtered at 3 Hz and 10 kHz.
The electrical eye shock stimulus was . 5 ms in duration
and 6 mA. The evoked potential is shown at two sweep
speeds; 10 ms (A^) and 2 ms (A2) per calibration bar.
B. Multiple-unit activity in animal VI 32 using electrical
eye shocks of 1.25 mA, 5 mA, and 7.5 mA. The duration
of the eye shock was 1 ms. C. Compound action potentials
recorded from the abducens nerve of animal VI 36. Activity
was window filtered at 100 Hz and 10 kHz. The electrical
eye shock stimulus was 1 ms in duration and 1.25 mA,
5 mA, or 7.5 mA. Negative polarity is upward on this and
all subsequent figures . Calibration (except for A2)
:
10 ms and 50 V.
mA
7.5 mA
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that the Vlth nerve became active at that time. Panel B
shows that the first abducens nerve unit responded
3.5 ms after stimulus onset. Panel C shows that the
compound action potential in the abducens nerve has a
latency of 5 ms. In all three animals, the nerve evoked
responses were of comparable durations.
Figure 4 illustrates the response of the abducens
nerve to electrical eye shocks of varying intensity and
duration. These data were obtained from photographs of
the multiple-unit activity of animal VI 32. A photo-mask
was made that covered the baseline activity, and events
exceeding this level were counted per 10 ms time bin.
Fig. 4 shows the results for eye shocks of 1 ms (A)
,
10 ms (B) , and 100 ms (C) duration, and 1.25 mA, 5 mA,
and 7 mA intensity. Consistent with the data already
presented the abducens nerve volleys had latencies of less
than 5 ms. In addition, the efferent volley principally
occurred during the first 30 to 50 ms after stimulus
onset. Two things are evident from this figure. First,
as stimulus intensity was increased, the total number
of action potentials increased, and the latency of the
peak response decreased. Second, as the stimulus
duration was increased, the duration of the response
slightly increased, a result that is particualarly
evident when panels B and C are compared. When electrical
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Fig. 4. Response histograms based on multiple-unit
activity of the abducens nerve in animal VI 32. The
histograms show the number of nerve events per 10 ms
time bin. Stimulus onset is at time 0 for A, B, and C.
Electrical eye shock durations of 1 ms (A) , 10 ms (B)
,
and 100 ms (C) . Eye shock intensities of 1.25 mA
(dotted line), 5 mA (dashed line), and 7.5 mA (solid
line)
.
3 a w n N
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eye shocks were of 100 ms duration, neurons of the abducens
nerve discharged for a longer time than when eye shocks
were of 1 or 10 ms in duration. Even so, neurons of the
abducens nerve were relatively silent during the last
50 ms of stimulus application (last 10 ms not shown)
.
Efferent volleys in the abducens nerve could also
be evoked by more natural stimuli. Pinches of the eyelid,
brushes of the skin or vibrassae in the orbital area
were effective stimuli. Air puffs (6 Ibs/sq. in.) aimed
at, or light touches to the cornea did not result in any
activity in the abducens nerve, a result that is probably
due to an anesthesia-induced increase in threshold. A
loud tone (85 dB SPL, 1200 Hz, 500 ms duration) also
evoked an efferent volley, a response that disappeared
over two or three stimulus applications.
Trigeminal nerve. In order to accurately measure the
central delay of the globe retraction reflex, recordings
from both the trigeminal and abducens nerves were obtained.
Fig. 5 shows the results of this experiment in animal VI
36 ; panels A and B show the response in the trigeminal
nerve, while panel C shows the neural volley in the
abducens nerve. In this experiment the threshold for the
Aa fibers in the trigeminal nerve was the same as the
threshold for the abducens nerve volley. Stimuli of 3
to 4 times threshold and of 1 ms duration elicited a
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Fig, 5. Recordings from the trigeminal nerve (A & B)
and the abducens nerve (C) in animal VI 36. Filled arrow
indicates eye shock onset. The arrows in A and B point
to fibers recruited at 3 to 4 times threshold. Eyeshock
intensities: A. 6 mA; B. 7.5 mA; C. 7.5 mA.
Calibration: A. 220 yV, 2.2 ms; B. 52 yV, 1.9 ms;
C. 20 yV, 2 ms.
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second response in the sensory nerve (arrows on traces
A and B) , the latency of which indicates that it was the
result of A fiber activity. No C fiber activity was
seen at any intensity.
The latencies (measured to the negative peaks on
the record) of the afferent and efferent volleys were
2.2 and 4 ms, respectively, a delay that suggests that
the reflex is at most disynaptic. Since primary trigeminal
afferents synapse in the trigeminal nuclear complex
(Carpenter, 1973) , the present data suggest that the
reflex involves trigeminal primary afferents, secondary
neurons whose somata lie in the trigeminal nucleus, and
motoneurons of the abducens nerve.
The response of the trigeminal nerve afferents to
long-duration electrical eye shocks is shown in Fig. 6.
Suprathreshold stimulation elicited long as well as short
latency activity (B and C) . As can be seen in Fig. 6,
the extracellular field potential in the trigeminal nerve
is negative for the later portion of the stimulus (B and
C) . Since activity in the trigeminal nerve would be
expected to cause negative field potentials, these records
suggest that neurons of the trigeminal nerve discharge
for the duration of relatively long-duration (25 ms)
stimuli
.
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Fig. 6. Recordings from the trigeminal nerve with
electrical eye shocks of 25 ms duration and 1 mA (A)
,
5 mA (B) , and 7.5 mA (C) . First arrow denotes eye
shock onset, and the second arrow denotes eye shock
offset. Calibration: 5 ms and 50 yV.
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Accessory abducens nucleus
.
Figure 7 shows antidromically
evoked potentials recorded in the region of the accessory
abducens nucleus. The peak potential was recorded near
a depth of 2.2 mm (between C and D on the figure) , a pos-
ition that corresponds to a recording in the accessory ab-
ducens nucleus. The evoked potentials did not reverse
as the electrode passed through the tissue and were
present over a large region, results suggesting that the
active neurons are large, or have dendritic trees extending
over a large area (Humphrey, 1976)
.
Thirty-five accessory abducens units in nine animals
were isolated; units were identified by antidromic activa-
tion and by histological examination. Figures 8 and 9
show an electrode track through the accessory abducens
nucleus, and the activity of an accessory abducens unit,
respectively. The unit shown in Fig. 9 responded at a
latency of 4 ms and for 20 ms after a 1 ms duration,
2.5 mA eye shock. Figure lOA is a histogram showing the
distribution of units as a function of their depth from
the ventral surface of the brainstem. Figure lOB is a
histogram showing the distribution of units as a function
of the threshold values of current required to elicit
discharge. The depth histogram is apparently discon-
tinous at 2.2 mm depth, but this does not seem significant
in light of the variation in the angle of
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Fig. 7. Antidromically evoked potentials in the pons
and the electrode track from which the recordings were
made. Letters and arrows denote locations from which
records were taken. Bar on tissue section equals 1 imn.
Arrow on oscilloscope record indicates abducens nerve
shock onset. Calibration; 1 ms and 100 )V. 5spo,
pars oralis of the spinal trigeminal nucleus; 7, facial
nucleus; G7, genu of the facial nerve.
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Fig. 8. Electrode track through the accessory abdu-
cens nucleus (arrow). Bar equals 1 mm. 6, abducens nucl-
eus; 7, facial nucleus; 07, genu of the facial nerve.
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Fig. 9. Response of an accessory abducens nucleus
unit to an electrical eye shock of 1 ms duration and 2.5
mA intensity. Filled arrow denotes eye shock onset.
Calibration: 10 ms and 100
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Fig. 10. Depth and threshold histograms for the
accessory abducens units. A. The distribution of
units (number) as a function of their depth from the
ventral surface of the brainstem. B. The distribution
of units (number) as a function of the threshold values
of current required to elicit discharge.
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of electrode penetration of the brainstem. Figure lOB
shows that most accessory abducens units discharge when
eye shock currents exceed 1.25 mA.
Figure 11 shows the response histograms for all
accessory abducens units to eye shocks of 1, 10,
and 100 ms duration (A, B, and C, respectively), and
1.25, 5, and 7.5 mA. The number of discharges for each
unit at a given intensity and duration was estimated by
the experimenter who observed 4 to 10 presentations of
the eye shock stimulus at a given intensity and duration
for each unit. The number of discharges was then averaged
across units to provide a mean unit response, and the
results plotted as a response histogram. Figure 11 shows,
for example, that when eye shocks of 1 ms duration and
7.5 mA were presented, the average accessory abducens
unit discharged twice during the first 10 ms after
stimulus onset. As in the abducens nerve, when the eye
shock intensity increased, the number of unit discharges
increased, but as the stimulus duration increased, the
duration of the response only increased slightly (compare
B with C)
.
Abducens nucleus. In five animals, 25 histologically
confirmed electrode penetrations were made through
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Fig. 11. Proportion of accessory abducens units
(relative activity) responding in successive 10 ms
time bins. Stimulus onset is at time 0. Electrical
eye shocks of 1 ms (A) , 10 ms (B) , and 100 ms (C)
duration and 1.25 mA (dotted line), 5 mA (dashed line)
and 7.5 mA (solid line).
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the abducens nucleus. Figure 12 shows three electrode
tracks in the abducens nucleus of animal VI 57. In
no animal was any abducens nucleus unit found to res-
pond to eye shock (4.5 mA, 1 ms duration). This was
true even with low-impedance recording electrodes
,
the use of which should have maximized the yield
of units. Units responding to orbital shock were
found in the reticular foirmation, facial nerve, and,
in one case, in the superficial layers of the medial
vestibular nucleus. Evoked potentials to electrical
eye shock in the region of the abducens nucleus were
smallest on the surface, and grew progressively larger
as the electrode passed through the nucleus to the
facial nerve and the reticular formation, a finding
that suggests that eye shock activated an area ventral
to the nucleus itself, probably the reticular formation,
facial nerve, or the accessory abducens nucleus.
The absence of unit activity elicited by electrical
eye shock in the abducens nucleus could be due to
artifactual causes. One possibility is that of sampl-
ing bias by the recording electrode. This seems
unlikely for two reasons: (1) abducens cells are
large (30 to 50 microns) and should be easily isolated,
(2) a range of electrode impedances (1 to 5 MQ) was used
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Fig. 12. Three electrode tracks (arrows) in the
abducens nucleus (enclosed by dotted lines) • G VII,
genu of the seventh nerve. Bar equals 500 microns.
67
68
so that even if abducens neurons require a specific
electrode configuration, some of the electrodes should
have been successful in picking up abducens units.
A second artifactual problem could result if, during
penetration of the tissue, the electrode caused mechanical
distortion of the tissue, thereby increasing the pressure
in the tissue. The pressure increase might then silence
any units that would normally be active. This possibility
seems doubtful since units were isolated in areas near
to, but not within the abducens nucleus.
It seems reasonable to conclude that abducens neurons
were not excited by the levels of eye shock used in the
present study. It must be noted, however, that the shock
used in this experiment was of moderate intensity and it
may be that abducens cells respond to more intense
orbital stimulation or to stimulation of a different
type. It seems clear that the sensory threshold for
abducens units is higher than the threshold for accessory
abducens units.
Anatomical localization of the reflex arc. As noted
in the introduction, the areas of the trigeminal complex
that mediate the reflex are unknown. Ongerboer de Visser
and Moffei (1979) contend that nucleus caudalis is
necessary for eye blink, while Carpenter (1973) and Hiroaka
and Shimamura (1977) contend that only the rostral trigem-
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inal nuclei are necessary for the corneal reflexes. In
order to resolve this problem, knife cuts were made just
caudal to the facial and accessory abducens nuclei in
three animals. These cuts isolated nucleus caudalis and
nucleus interpolaris from the motor areas that control
the reflex (Fig. 13) . Figure 14 shows the compound action
potential responses in the abducens nerve (A) before and
(B) after a knife cut in animal VI 37. In this case,
and in animals VI 35 and 37 the efferent response was
seen immediately after the cut. In animals VI 35 and 37
the response gradually decreased in amplitude over two to
five mins, a result suggesting that the response was
attenuated not by severance of neural connections , but
by disruption of the vascular supply to the brain.
It appears that nucleus oralis and the principal sensory
nucleus provide sufficient afferent drive to motoneurons
for the reflex to occur without diminution.
Repetitive stimulation. In order to determine the effect
of repetitive eye shock on the motor output of the reflex,
recordings were made from the abducens nerve. Stimuli
were presented at 30, 15, 1, and 1/3 s interstimulus
intervals (ISIs) for a total of sixty stimuli at each
ISI. In animal VI 32, a tungsten low-impedance electrode
was used, while in the other subjects unipolar hook ele-
ctrodes were used. In animal VI 32, multiple-unit
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Fig. 13. Knife cut of the brainstem shown in
parasagital section. This lesion was the least extensive
of the three made, since the other transected the entire
brainstem. SO, superior olive; MVN, medial vestibular
nucleus; a6
,
accessory abducens nucleus; 7, facial
nucleus; G7, genu of the facial nerve; n7, facial nerve
5spi, pars interpolaris of the trigeminal complex;
5spi, pars oralis of the trigeminal complex. Bar equals
1 mm.
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Fig. 14. Potentials recorded in the abducens nerve
(A) before, and (B) after a brainstem knife cut. Stimulus
onset is indicated by the arrow. Calibration: 5 ms and
50 V V.
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activity was counted on photographs using a mask, while
in the other animals the area of the compound action
potential was estimated by multiplying the height
of the potential by its duration. Data from the first
five and the last five trials were used. To facili-
tate comparison all measurements were converted into
a percent-change measure. More precisely, the mean
response for the first five trials was divided by the
mean response for the last five trials. As can be seen
in Table 1, stimulation at ISIs of 15 and 30 s tended to
result in potentiation, while presentation at ISIs of 1 and
1/3 s tended to result in habituation. Only with stimuli
presented at 1/s did any statistically significant change
in the amplitude of the motor volley occur (t=2.92,
a=.05, two-tailed, t-test for related samples).
While the response of single accessory abducens
units to repetitive stimulation was unsystematically tested,
almost all units showed only slight changes with repeated
stimulation. Typically, units showed a decrease in the
number of spikes elicited and an increase in the latency
of the late spikes, responses, which were particularly seen
at 1/s and 3/s stimulation rates.
Discussion
The present study elucidates the basic features of
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TABLE 1
THE MEAN PERCENT CHANGE IN THE RESPONSE OF THE
ABDUCENS NERVE DURING REPETITIVE STIMULATION OF
THE EYE AT FOUR DIFFERENT INTERSTIMULUS INTERVALS
ANIMAL INTERSTIMULUS INTERVAL
30 s 15 s 1 S 1/3 s
VI 32 81 79 69
VI 33 100 107 96 96
VI 34 103 40 26 125
VI 35 85 94 55 23
VI 36 149 159 26 100
VI 37 161 162 100 100
MEAN 113 107 62 89
t# 1.12 .37 2.92* .66
# . The t-test used here is the t-test for paired
observations. * indicates significance at the .05 level
(two-tailed)
.
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the NMR and offers several conclusions as to the mechanism
of its elicitation. (1) The trigeminal nerve units
initiating the reflex are of the Aa type since the thresh-
old of the Aa sensory fibers is identical to the threshold
for the efferent volley. (2) The primary sensory areas
mediating thereflex are nucleus oralis and/or the
principal sensory nucleus of the trigeminal complex since
knife cuts isolating the motor areas generating the NMR
from the caudal areas of the spinal trigeminal nuclei do
not affect the efferent volley- (3) Recordings from
the Vth and Vlth nerves shows that the central delay time
of the reflex is 1.8 ms, and suggests that the reflex is
at most disynaptic. (4) The accessory abducens nucleus
seems to have primary responsibility for the NMR since
neurons of the accessory abducens, but not abducens
nucleus, respond to moderately intense electrical stimula-
tion of the orbit.
The results of the present study are consistent with
the results of other investigations showing that even
though retractor bulbi motoneurons lie in the accessory
abducens, abducens, and oculomotor nuclei (Berthier and
Moor^ in progress; Cegavske, personal communication;
Grant et al., 1979, Guegan et al., 1978; Mis, personal
communication; Spencer, 1978; Spencer et al., 1980), the
accessory abducens nucleus is responsible for defensive
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globe retraction. Baker, McCrea, and Spencer (19 80) showed
that neurons of the accessory abducens nucleus , but not
the principal abducens or oculomotor nuclei, respond to
noxious orbital stimulation with large short-latency
EPSPs in cat. Also in the cat, Delgado-Garcia, Evinger,
and Baker (1980) showed that accessory abducens, but not
abducens neurons, discharge 5 to 10 ms after a corneal
air puff and 6 ms prior to eye retraction. Delgado-
Garcia et al. (1980) further showed that abducens, but
not accessory abducens, neurons respond during rotational
eye movement. Baker et al. (1980) concluded "that the acc-
essory abducens nucleus is uniquely employed for retraction
of the globe and that motoneurons in the abducens and
oculomotor nucleus are responsible for patterned
(i.e. rotational) eye movement responses observed in all
extraocular muscles including the retractor bulbi" (pg 771)
.
The results of the present study extend this conclusion
to the rabbit.
Sensory information that elicits the NMR is carried
via Aa fibers. C fibers do not seem to affect the NMR
and in this regard the NMR differs from the ventral root
reflex (VRR) of the spinal cord. In the spinal cord,
C fibers do not elicit a VRR but do modulate the VRR by
potentiation of the A fiber response on secondary cells
of the VRR (Mendall & Wall, 1964, 1965; Burgess & Perl,
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1967). The C fibers, but not the A fibers, can themselves
be potentiated by multiple stimulation at frequencies of
1 to 3 Hz. Therefore, it seems reasonable to conclude
that C fibers play little, if any role in the uncondition-
ed NMR.
The finding that the NMR habituates when eye shocks
are presented at 1/s and 3/s, is similiar to the leg-
flexion reflexes in the cat and frog. Thompson and
coworkers (Farel, Glanzman, & Thompson, 1973; Thompson,
& Glanzman, 1976; Thompson & Spencer, 1965) showed that
the leg-flexion reflexes habituate when the eliciting
stimuli are presented at 1/s or faster. Primary afferent
depolarization does not seem to play a role in the leg-
flexion reflexes since Thompson and Glanzman (1976)
,
using Wall's method, determined that tonic depolarization
of the primary afferents does not occur during habituation
of the cat leg-flexion reflex. Thompson and Glanzman
suggested that habituation of cat leg-flexion is controll-
ed by the internuncial neurons of the reflex arc.
The efferent command to the retractor bulbi is
"programed" in that the motor volley has a latency of
4 ms and a duration of 20 to 30 ms and is largely indep-
endant of the strength or duration of the stimulus once
threshold is exceeded. However, this phasic response
is not always seen in intact, awake animals where an
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intense stimulus elicits a tonic NMR that protects the eye
for the entire time the stimulus is present. Nevertheless,
the short programed, motor response seen in this experiment
is the predominant response in intact animals. The motor
output, a negatively accelerating burst of about 30 ms
duration, could be generated in several ways.
The sensory cells could directly drive the moto-
neurons. Even though the results of the present study
show that the trigeminal nerve is active for the entire
time the stimulus is presented, it is possible that some
sensory cells fire phasically and control the response.
In such a scenerio the cells controlling the reflex could
be phasic A fibers, while the prolonged activity recorded
in the trigeminal nerve during the stimulus might be
attributable to C fibers. A resolution of this question
must await the results of single-unit recordings from
the sensory cells.
Another possibility is that the motoneurons themsel-
ves generate the motor pattern upon activation. Barmack
(1974, 1975) and Grantyn and Grantyn (19 78) showed that
oculomotor neurons generate the motor pattern that controls
the extraocular muscles during patterned eye movement.
Oculomotor neurons respond to step-depolarization with
a negatively accelerating burst. At intermediate levels
of depolarization the length of the burst is about 25 ms.
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A similiar response could occur in accessory abducens
motoneurons that would generate the motor pattern for
globe retraction.
Perhaps the next step in determining how the reflex
is mediated would be an attempt to isolate the areas that
3
are presynaptic to the motoneurons using HRP and H-amino
acids. Such a study might well uncover an area of the
trigeminal complex that projects to the motoneurons.
Single-unit recordings of the afferent areas might then
suggest a specific pathway for the reflex arc. A complete
understanding of the generation of the reflex would most
likely require intracellular recordings from sensory,
motor, and internuncial neurons.
The classically conditioned NMR. While the present study
does not directly address the classically conditioned
NMR, it does suggest a possible mechanism for the gener-
ation of the conditioned response (CR) . Since the present
results suggest that the motoneurons or the immediately
premotor cells might generate the discharge pattern
responsible for the unconditioned response (UR) , the CR
though topographically dissimiliar from the UR, could
be effected by a "higher" center initiating the motor
program. The cells controlling the CR need not generate
a complex motor plan, but may simply activate the cells
that generate the UR.
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Currently there are two hypotheses concerning how
the conditioned NMR is generated. The first relates to the
findings of Berger and Thompson (Berger, Alger, & Thompson,
1976; Berger & Thompson, 1977, 1978) who recorded from
hippocampal cells curing NMR conditioning. Berger and
Thompson (1977) found that hippocampal cells show an
increase in activity during the conditioned stimulus
(CS) period that mirrors the CR. Berger, Laham, and
Thompson (19 80) suggest that hippocampal unit activity
is a "'motor program' or 'motor plan' - but a motor
plan that is dependant for its development on learning
and mnemonic processes " (pg 245). However, it seems un-
likely that hippocampal activity is a true motor program
because hippocampal activity precedes the actual motor res-
ponse by 42 ms , and the efferent command by approximately
30 ms; it does not seem likely that a motor output would
be generated and then processed through a large number
of synapses (20+?) before reaching the motoneurons.
The second hypothesis is that of Moore (1979)
.
By this account, the critical changes underlying the CR
occur in the brainstem, and more specifically, pontine
reticular formation neurons. Some reticular neurons are
multimodal and receive auditory, visual, somatosensory,
as well as trigeminal information. According to Moore,
some of these reticular cells normally project to the
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motoneurons controlling the NMR and, as a result of pair-
ed presentation of the US and CS , come to discharge in
response to the conditioned stimulus and effect a CR.
In the present study, loud tones elicited efferent volleys
in the abducens nerve. While data is lacking as to the
neural basis of the tone evoked response, it does not
seem unlikely that it is mediated via pontine reticular
neurons via a pathway similiar to that suggested by
Moore
.
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APPENDIX A
FIGURE 15
Top. Dissection of the ventral surface of the neck.
On the right side the platysma and depressor conchae
posterior are reflected with the skin. The vagus nerve
is in proper relation to the external jugular vein and the
common carotid artery. On the left side the external
jugular vein, parotid and submaxillary glands, and the
sternohyiod, sternomastoid , and cleidomastoid rauscles
are removed, the common carotid displaced medially and the
nerves laterally, but otherwise in proger relation.
be, basioclavicularis ; cc, common carotid artery;
cm, cleidomastoideus ; c3, c4, c5, cervical spinal nerves;
d, digastricus; fa, anterior facial vein; fp, posterior
facial vein; gcs, superior cervical ganglion; gn,
ganglion nodosum; gp, parotid gland; gs, submaxillary
gland; gt, threoid gland; Icp, deep cervical lymph gland;
m, masseter; my, mylohoideus; pi, medial insertion
portion of masseter concealing the pterygoideus internus;
pi, platysma; rev, cardiac branch of vagus nerve
(n. depressor) ; rdh, descending brancy of hypoglossal
nerve; s, stylohyoideus ; ts, sympathetic trunk;
vje, external jugular vein; vji, internal jugular vein;
X, vagus nerve; Xii, hypoglossal nerve. (from dissection
by W.H.T. Bailie, drawing by E.B. Logier)
.
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Bottom. Ventral surface of the skull: AS, alisphen-
oid (ala magna) ; B, basioccipital (basilar portion of
occipital); BS, basisphenoid (body of posterior sphenoid);
EXO, exoccipital ; M, maxilla; PL, palatine; PM,
premaxilla; PR, presphenoid (body of anterior sphenoid)
;
SO, supraoccipital (squamous portion of occipital)
;
SQ, squamosal; T, tympanic; ZY, zygomatic
-
ch, choana; c.hy., hypoglossal canal; c.o.,
occipital condyle; f.c.e., external carotid foramen;
f.in., incisive foramen; f.j., jugular foramen; f.l.,
foramen lacerum; f.m., mandibular fossa; f.m.o.,
foramen magnum; f.p.m., greater palatine foramen;
f.s.a., anterior sphenoidal foramen; m.a.e., osseous
portion of external acoustic meatus; p.j-, jugular
process; p.o.e., external occipital protuberance;
p. pi., palatine process of maxilla; p.pm., palatine
process of premaxilla; p.pt. , medial and lateral laminae
of pterygoid process of posterior sphenoid; s.m., spina
masseterica. (figure taken from Bensley, 1946)
f.m.o.
APPENDIX II
FIGURE 16
WIRING DIAGRAM OF THE RECORDING ARRANGEMENT
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